Freshwater planaria possess extreme regeneration capabilities mediated by abundant, pluripotent stem cells (neoblasts) in adult animals. Although planaria emerged as an attractive in vivo model system for stem cell biology, gene expression in neoblasts has not been profiled comprehensively and it is unknown how molecular mechanisms for pluripotency in neoblasts relate to those in mammalian embryonic stem cells (ESCs). We purified neoblasts and quantified mRNA and protein expression by sequencing and shotgun proteomics. We identified B4000 genes specifically expressed in neoblasts, including all B30 known neoblast markers. Genes important for pluripotency in ESCs, including regulators as well as targets of OCT4, were well conserved and upregulated in neoblasts. We found conserved expression of epigenetic regulators and demonstrated their requirement for planarian regeneration by knockdown experiments. Post-transcriptional regulatory genes characteristic for germ cells were also enriched in neoblasts, suggesting the existence of a common ancestral state of germ cells and ESCs. We conclude that molecular determinants of pluripotency are conserved throughout evolution and that planaria are an informative model system for human stem cell biology.
Introduction
First described in scientific journals more than 100 years ago (Randolph, 1897) , freshwater flatworms are a famous model system for regeneration in animals. Amputated planaria regenerate missing complex body parts within B10 days, and even cutting animals into dozens of pieces will result in dozens of regenerated healthy animals. This extreme plasticity of planaria critically depends on stem cells (neoblasts) that are the only proliferating cells in asexual animals and constitute B30% of all cells (Baguñ à et al, 1989) . Neoblasts regenerate all tissues of amputated animals, including the germ line, and continuously replace cells lost to physiological turnover (reviewed in Newmark and Sánchez Alvarado, 2002; Agata, 2003 and Sánchez Alvarado, 2004) . Recently, transplantation studies have proven the capacity of a single neoblast to regenerate entire stem cell-deficient animals and to transform their host into a genetic clone of the donor (Wagner et al, 2011) . Neoblasts display morphological features of undifferentiated cells, that is, large nuclei to cell ratio and extensive regions of open chromatin, and self-renew indefinitely. Moreover, the presence of perinuclear ribonucleoprotein granules, the chromatoid bodies (CBs), is reminiscent of germ cells.
In contrast to a large body of cell biology research describing the function and morphology of neoblasts, much less is known about the molecular mechanisms that control neoblast pluripotency. Recently, sequencing of the B800-Mb genome of the planarian Schmidtea mediterranea and several experimental approaches (Umesono et al, 1997; Newmark and Sánchez Alvarado, 2000; Robb et al, 2008; Adamidi et al, 2011) , including RNAi loss-of-function studies (Sánchez Alvarado and Newmark, 1999; Reddien et al, 2005a) , permitted the identification of a small number of neoblast marker genes. However, gene expression in neoblasts has not been profiled comprehensively, and it is therefore largely unclear which transcripts or proteins are expressed in neoblasts. Previous attempts to analyse gene expression in neoblasts relied on indirect inference of the neoblast transcriptome by comparing gene expression in irradiated animals depleted in neoblasts with wild type (WT) animals using cDNA microarrays (Rossi et al, 2007; Eisenhoffer et al, 2008) . These approaches were hampered by technical problems that come with using cDNA microarrays (incomplete gene repertoire, non-specific amplification, cross-hybridization), incomplete gene model annotations, and the problem that irradiation will not just delete stem cells but produce a large number of apoptotic cells and cause indirect effects such as stress responses.
To gain a deeper understanding of neoblast biology, it will be important to know which genes are specifically expressed in these cells. One fundamental question is, if or to what degree molecular mechanisms for controlling pluripotency are conserved between planaria and humans. Answering this question would shed light on the largely unknown evolution of pluripotency across large time scales and may help to identify conserved core regulatory circuits that control pluripotency. Furthermore, such studies may help to characterize the usefulness of planaria as an in vivo model system for human stem cell biology. Perhaps surprisingly, almost nothing is known about how gene expression compares between embryonic stem cells (ESCs) and neoblasts. For instance, the essential mammalian pluripotency transcription factor OCT4 has been described mainly in vertebrates (Hinkley et al, 1992; Morrison and Brickman 2006; Lavial et al, 2007) and it is unknown if it is conserved in planaria.
In this study, we addressed these questions by isolating cell populations enriched in proliferating neoblasts and differentiated cells, respectively, using a published fluorescent activated cell sorting (FACS) protocol (Hayashi et al, 2006) . We then profiled mRNA and protein expression in these cells by sequencing (Illumina) and shotgun proteomics based on our previously published comprehensive annotation of the planarian transcriptome comprising B20 000 gene loci (Adamidi et al, 2011) . We carefully validated our data by in situ hybridization (ISH), qRT-PCR and other methods. Computational cross-species analysis allowed us then to identify homologues of planarian genes in mouse or human. With these expression and homology data in hand, we set out to systematically investigate conservation of gene expression between neoblasts and mammalian ESCs/germ cells. Specifically, we focussed on mammalian (1) epigenetic and chromatin regulatory complexes known to be crucial for stem cell function (2) genes known to regulate key pluripotency transcription factors such as OCT4, SOX2, NANOG, (3) direct regulatory targets of OCT4, SOX2 and NANOG, (4) genes known to be important for pluripotency, and (5) genes characteristic for germ cells, for example, certain RNA-binding proteins (RBPs). For specific epigenetic/chromatin regulators, we then performed knockdown experiments to study their functional importance for regeneration. Overall, we show that genes important for pluripotency in mammals and in particular direct targets as well as upstream regulators of OCT4, SOX2, and NANOG are generally conserved in planaria and enriched in neoblasts. Finally, we present candidates for planarian homologues of OCT4 and SOX2.
Results

FACS sorting allows isolation of neoblast-enriched cell fractions and reproducible transcript quantification by next generation sequencing
To obtain cell populations enriched and depleted in neoblasts, respectively, we used FACS, following an approach developed by Agata and colleagues (Hayashi et al, 2006 ; Figure 1A ; Materials and methods). Planarian cells selectively eliminated upon X-ray irradiation differ from irradiationinsensitive cells by cytoplasmic volume and DNA content. Based on these properties, dissociated non-irradiated animals were sorted into irradiation-sensitive (X1 and X2) and irradiation-insensitive (Xins) cell fractions. Previous electron microscopic observations indicated that X1 is highly enriched in proliferating neoblasts and contains a small number of differentiating cells, X2 is a mixture of cells that contains fewer neoblasts and both differentiating and differentiated cells, and Xins is primarily composed of differentiated cells ( Figure 1B ; Higuchi et al, 2007; Eisenhoffer et al, 2008; Hayashi et al, 2010) . After validating sample quality by performing qRT-PCR on known neoblast-and tissue-specific markers (Supplementary Figure S1A) , samples were subjected to paired-end RNA deep sequencing (mRNA-seq) and mass spectrometry (MS) (see Materials and methods).
mRNA-seq produced B70 million 120 bp reads from each fraction, which were mapped to the reference transcriptome assembly (Adamidi et al, 2011; Supplementary data) . In total, we confidently measured expression in reads per kilobase of transcript per million mapped reads (RPKM) in at least one of the three cell fractions for 21 865 transcripts corresponding to 20 383 gene loci (Supplementary data; Supplementary Figure  S1B) . A typical read profile of a neoblast-specific planarian gene (Smed-TDRD9) is shown in Figure 1C . The multi-exonic structure with long introns, reminiscent of higher vertebrates such as humans, is also typical for planarian genes (Abril et al, 2010; Blythe et al, 2010 , Adamidi et al, 2011 .
To independently validate mRNA-seq data, we performed qRT-PCR assays for a set of 14 genes covering three orders of magnitude of RPKM values ( Figure 1D ). A comparison of mRNA-seq and qRT-PCR derived log 2 -fold changes between cell fractions indicated an excellent agreement of the two methods (R 2 ¼ 0.87; Figure 1D ). Biological variability was measured by repeating qRT-PCR assays on 17 genes with total RNA extracted from another FACS-sorted sample of independently collected animals. Comparing with mRNAseq derived log 2 -fold changes for the original sample (Supplementary Figure S2) yielded a strong correlation (R 2 ¼ 0.80) and thus revealed only a minor impact of biological variability.
Analysis of global gene expression profiles of FACS-sorted cells recovers neoblast-enriched transcript and protein expression of known markers
Global differences of the transcriptome between different FACSsorted fractions were quantified by the correlation of transcript expression (Supplementary Figure S3) . Consistent with the expected cellular composition, the highest correlation was observed between the neoblast-enriched fractions X1 and X2 (Spearman's correlation coefficient r ¼ 0.85). In comparison, the correlation between X2 and Xins was reduced (r ¼ 0.71), but still substantially higher than the correlation between X1 and Xins (r ¼ 0.48), reflecting the strong dissimilarity in global gene expression profiles between neoblasts and differentiated cells (Figure 2A ). To confirm that the observed dissimilarities were indeed due to differential enrichment of neoblasts in X1, X2, and Xins, we screened our data for 32 known bona fide neoblast marker genes (Supplementary Table S1 ). Consistently, all markers were found to be overexpressed in X1 versus Xins (hypergeometric P-value PB0; Figure 2A and B); except for Smed-VLGA1, all of them were at least four-fold upregulated. In contrast, tissue-specific markers were either downregulated in X1 versus Xins (Po2 Á10 À 3
; Figure 2A and B; Supplementary Table S1) or did not exhibit significant changes (i.e., Smed-FOXG). In summary, the composition of the transcriptome is highly dissimilar between X1, X2, and Xins and these differences reflect the enrichment of neoblasts in X1 and X2, and of differentiated cells in Xins.
To investigate the neoblast proteome, we measured protein abundance by MS runs on all three cell fractions (Adamidi et al, 2011 ; Supplementary data). We identified B2400 proteins in each fraction and 2730 proteins in total. A comparison of protein fold changes between all pairs of cell fractions revealed, in contrast to our observation for transcript fold changes, a similar correlation in each case (rB0.75). This observation potentially reflects a bias for highly expressed proteins that might be more homogeneously expressed across all fractions. Indeed, if the 50% most highly expressed proteins are discarded the correlation generally decreases, and more pronounced differences between the fractions emerge (X1 versus Xins: r ¼ 0.39; X1 versus X2: r ¼ 0.5; X2 versus Xins: r ¼ 0.46; correlations are significantly different: Po0.001). Furthermore, 18 out of 20 neoblast markers with measured protein fold changes (90%) were upregulated on the protein level in X1 versus Xins (Po2 Á10 À 4 ), while two identified tissue-specific markers were downregulated ( Figure 2C ). Thus, the cellular composition of X1, X2, and Xins is also reflected on the protein level.
Identification of novel neoblast marker genes with functionally characterized homologues
We searched for novel genes with neoblast-enriched expression and homology to genes with known functions in other organisms. Using stringent BLAST protein alignments (alignment E-value o10 À 10 ), we were able to identify candidate homologues in at least one out of six well-studied animals (C. elegans, D. melanogaster, D. rerio, H. sapiens, M. musculus, and X. tropicalis) for 12 309 planarian transcripts (56%). For 11 584 transcripts (52%), we identified homologues in human or mouse. To validate the neoblast-enriched expression of the newly identified X1-associated transcripts with homology to well-characterized metazoan genes, we performed ISH for eight candidates conservatively selected by medium expression strengths in X1 (between 7 and 90 RPKM; Figure 2D ). In all cases, ISH confirmed enhanced expression in neoblasts. As observed earlier for several neoblast markers, we also detected expression in the brain (e.g., Guo et al, 2006; Solana et al, 2009; Scimone et al, 2010) . We conclude that genes with upregulated transcripts in X1 display indeed enriched expression in neoblasts.
Epigenetic regulators associated with stem cell plasticity are required for neoblast function Among the many transcripts that are upregulated in X1 we identified a large number of homologues of mammalian epigenetic factors and chromatin proteins (Supplementary Table S2 ). We first validated neoblast-enriched expression by ISH for planarian homologues of chromatin-modifying factors such as the myeloid/lymphoid or mixed lineage leukaemia (MLL) complex methyltransferase SET1/ASH2L, the polycomb complex components BMI1, RNF2, SUZ12, and EED ( Figure 2D ), the histone lysine methyltransferase SETD8 as well as SSRP1, a member of the high-mobility group (HMG) protein (see below).
To more systematically analyse the conservation and expression of mammalian epigenetic factors and chromatin regulators in S. mediterranea, we compiled from the literature transcriptional regulation and chromatin-associated complexes with crucial function in mammalian stem cell regulation ( Figure 3A -D). These four complexes include (1) Brahma-associated factors (BAFs), (2) MLL/COMPASS genes, (3) the Polycomb Group (PcG), and (4) RNA polymerase II-associated factors (PAFs).
In mammals, a distinct form of the BAF complex, esBAF, is known to be associated with the pluripotency regulators SOX2, OCT4, and NANOG at the promoter of most of their target genes (Ho et al, 2009) . Components of the MLL complex are required for self-renewal (Ang et al, 2011) and proper cell-fate specification upon differentiation (Jiang et al, 2011) of ESCs. The two main PcG repressive complexes, termed as PRC1 and PRC2, are critical for the appropriate silencing of tissue-specific genes in ESCs (reviewed in Schwartz and Pirrotta, 2007) . Moreover, a recent study demonstrated that BAF and PcG complexes can act synergistically to enforce the pluripotent state (Ho et al, 2011) . Finally, the PAF1 complex is required to maintain the chromatin structure of key pluripotency genes in ESCs (Ding et al, 2009) . We next studied conservation and expression of these complexes in S. mediterranea. For mammalian genes that have been shown to be critical for the activity of these four complexes in stem cells, we were able to identify homologues in planaria ( Figure 3A -D, solid symbols). Strikingly, all of them were strongly upregulated in X1 and X2 (Supplementary Table S2 ). Even more, homologues that belong to the same functional complex had comparable fold changes between X1 and Xins as well as between X2 and Xins (Supplementary Table S2 ). Furthermore, we could validate neoblast-enriched expression for components of each complex via ISH ( Figure 3A-D) .
To analyse the function of these complexes in planaria, we performed RNAi-based knockdown experiments and monitored regeneration and tissue turnover kinetics for planarian homologues of the BAF complex components BRG1L and SMARCC2/BAF170 and the PAF1 complex component CTR9 ( Figure 3E ). Twelve days after the first dsRNA injection, worms were either amputated to monitor regeneration or left intact to observe effects on tissue turnover. Drastic regeneration defects were already observed 6 days after amputation. Knockdowns of the BRG1 homologue Smed-BRG1L resulted in regeneration defects characteristic for neoblast dysfunction ( Figure 3E ; note that a different BRG1 homologue, Smed-BRG1, which functions in germ cell Smedwi-1 and the nervous system marker Smed-eye53 were used as controls.
development, was described previously; Wang et al, 2010) . A similar regeneration phenotype was observed upon knockdown of Smed-SMARCC2, a homologue of the BAF complex component SMARCC2/BAF170 ( Figure 3E ). Knockdown of a gene homologous to the PAF1 complex component CTR9, Smed-CTR9, also resulted in a strong regeneration phenotype indicative of neoblast alteration ( Figure 3E ). When repeating knockdown experiments without amputation in order to measure effects on homeostatic tissue turnover, animals failed to replace old tissue, leading to ventral curling, head regression and eventually lysis and death (Supplementary Figure S4A) . These are typical signs of neoblast dysfunction, which can be due to a failure in maintenance/proliferation and/or differentiation (Reddien et al, 2005a) .
To understand whether the observed defects were more trivially explained by a lack of neoblast proliferation/ maintenance, we performed additional experiments using three different approaches. First, we measured expression of neoblast marker genes (Smedwi-1, Smed-PCNA, and Smed-MCM2) in whole animals by ISH and RT-qPCR. BRG1L(RNAi) and SMARCC2(RNAi) animals displayed levels of Smedwi-1 expression similar to control animals ( Figure 4A and B). In contrast, CTR9(RNAi) animals showed reduced expression of Smedwi-1 ( Figure 4A and B). However, expression of Smed-PCNA and Smed-MCM2 did not decrease in any of the knockdown experiments ( Figure 4B ). Second, we tested mitotic activity by labelling mitotic cells with an antiphosphohistone H3(Ser10) antibody (aH3P) and counted labelled cells for at least eight animals per group ( Figure 4C ). BRG1L(RNAi) and SMARCC2(RNAi) animals showed slightly increased mitotic activity, whereas the number of mitotic cells was reduced in CTR9(RNAi) animals ( Figure 4D ; Supplementary Figure S4B) . Third, flow-cytometric detection of proliferation indicated that X1 cell numbers were stable in BRG1L(RNAi) and SMARCC2(RNAi) compared with control animals, whereas a significant reduction was observed in CTR9(RNAi) animals 20 days after RNAi ( Figure 4E and F) . These experiments demonstrate that neoblasts were still present and proliferating after RNAi against Smed-BRG1L and Smed-SMARCC2 at times when RNAi animals failed to replace the old tissue. Hence, these genes appear to be not essential for proliferation and maintenance of neoblasts, but required during differentiation. Although CTR9(RNAi) animals showed a decreased number of proliferating neoblasts, these cells still displayed mitotic activity. This suggests that a loss of neoblasts is not the only reason for failed regeneration and tissue turnover in CTR9(RNAi) animals and that Smed-CTR9 might also be required for neoblast differentiation. Furthermore, at an early RNAi time point (10 days after injection) we did not observe any reduction in proliferating neoblast number, suggesting that neoblast depletion occurs in late phases of the CTR9(RNAi) phenotype (Supplementary Figure S5) . Taken together, these data provide evidence that the planarian homologues of chromatin-associated factors involved in regulation of pluripotency in mammalian ESCs are upregulated in neoblasts and implicated in the maintenance and differentiation of these cells.
Chromatin-associated factors are globally upregulated in neoblasts
To investigate the expression of chromatin-associated factors on a systems level, we extracted 114 epigenetic regulators from the literature that are known to be robustly expressed in mouse ESCs (Tang et al, 2010) . We recovered homologues for 67 of these genes and found their transcripts to be on average four-fold upregulated in X1 versus Xins (Po2.2 Á10 À 16 ; Figure 5A ). Protein expression was also enriched in neoblasts (Po3 Á10 À 4 ), although upregulation was less pronounced (B2-fold; Figure 5B ). Next, we performed a literature search to extract other members of human and mouse chromatin remodelling complexes and associated factors and identified their planarian homologues. These 107 putative chromatin regulators (Supplementary Table S2 ) overlapped with the set of mouse epigenetic regulators extracted from Tang et al (2010) by only 30%. Nevertheless, expression of these chromatin regulators was even more strongly enhanced in X1 versus Xins than for the set extracted from Tang ) and proteins (Po9 Á10 À 5 ) ( Figure 5A and B).
We next focussed on the histone lysine methyltransferase SETD8 and the HMG protein SSRP1. SETD8 monomethylates lysine 20 of histone 4 (Fang et al, 2002) and lack of SETD8 in mammalian cells results in substantial DNA damage, improper chromatin condensation, inability to progress to the G2 phase of the cell cycle, and embryonic lethality (reviewed in Beck et al, 2012) . SSRP1 is associated with a widely conserved chromatin-associated complex named as FACT (facilitates chromatin transcription). FACT has been implicated in numerous processes such as DNA replication, DNA repair, basal and regulated transcription (Okuhara et al, 1999; Orphanides et al, 1999; Keller et al, 2001) and is essential for viability of mouse embryos (Cao et al, 2003) . We could validate enhanced neoblast expression of SETD8 and SSRP1 homologues by ISH ( Figure 5C ). Since SETD8 and SSRP1 are chromatin regulators with a crucial role in the cell cycle, we investigated the function of their planarian homologues in regeneration and tissue turnover by RNAi experiments. Knockdown of both genes led to a failure in regeneration ( Figure 5D ) and tissue turnover (Supplementary Figure S4) . To again investigate if these phenotypes were due to a failure to differentiate or simply due to neoblast depletion, we analysed the presence and proliferation of neoblasts. Reduced expression of neoblast markers Smedwi-1, Smed-PCNA and Smed-MCM2 indicated that SSRP1(RNAi) animals were significantly depleted in neoblasts ( Figure 6A and B) . Concordantly, aH3P staining and flow-cytometry analysis revealed a depletion of mitotic cells ( Figure 6C and D) . Hence, SSRP1 appears to have a non-redundant function in neoblast proliferation and/or maintenance. In contrast, SETD8 depletion did not cause a detectable decrease in neoblast number as indicated by stable expression of neoblast markers ( Figure 6A and B) and no depletion of mitotic cells ( Figure 6C and D) . Taken together, our data suggest that SETD8 is not required for neoblast proliferation and/or maintenance, but rather implicated in control of differentiation during homeostasis and regeneration.
Altogether, our data demonstrate a global enrichment of chromatin regulators in neoblasts, consistent with the hyperdynamic state of chromatin in many types of stem cells (reviewed in Meshorer and Misteli, 2006) , and indicate a functional role of these genes in maintenance of neoblasts and/or differentiation.
RBPs with predicted functions in maintaining genome integrity and totipotency in metazoan germ line are highly enriched in neoblasts Most of the previously identified neoblast marker genes encode for RBPs that belong to gene families homologous to germ granule components, such as piwi, bruno, DDX6, Table S2 ). The number of mammalian genes with planarian homologues and measured fold changes is shown in parentheses. Error bars represent the standard error of the mean. Enrichment of upregulated genes (P) was assessed by Fisher's exact test. (C) ISH in wild type (WT) versus irradiated (IRR) animals reveals neoblast expression of genes homologous to SETD8 and SSRP1. Asterisks mark midline posterior to the pharynx where neoblasts are concentrated. (D) RNAi knockdown of Smed-SETD8 and Smed-SSRP1 blocked regeneration of animals amputated at day 12 (d12). Trunk region of control and RNAi worms is shown at day 2, 6, and 12 after amputation. The phenotype was penetrant in each case (observed for 45 animals). Scale bars are 0.5 mm in (C) and 1 mm (D).
Conserved determinants of planarian pluripotency P Ö nal et al vasa, and pumilio (Supplementary Table S1 ) and have been linked to the totipotent nature of germ cells in metazoans (reviewed in Kimmins and Sassone-Corsi, 2005 and Seydoux and Braun, 2006) . Thus, it has been proposed that planarian neoblasts maintain pluripotency by employing mechanisms of post-transcriptional regulation displayed in animal germ cells and early development (Juliano et al, 2010; Rouhana et al, 2010; Shibata et al, 2010) . To systematically check the expression of germ lineassociated RNA regulators in neoblasts, we searched for homologues of metazoan RBPs that either localize to or interact with germ granules and more generally associate with RNA localization and processing. Transcripts of 40 identified homologues were highly upregulated in neoblasts, on average 48-fold (Po2.2 Á10 À 16 ; Figure 7A ; Supplementary Table S3 ). For 20 homologues, we could also measure protein fold changes between X1 and Xins and observed on average a six-fold upregulation (Po4 Á 10 À 4 ; Figure 7B ). Among newly identified RBPs, we report two MOV10 homologues (Smed-MOV10L1a and b), one Deletedin-AZoospermia (DAZ)-like gene (Smed-DAZL), five Tudordomain containing genes (Smed-TDRD1L1-3, Smed-TDRKH, and Smed-TDRD9) and several DExD-like RNA helicases. MOV10 is a putative RNA helicase homologue of Drosophila Armitage and has been shown to participate in posttranscriptional regulation Tomari et al, 2004) and in PcG-mediated gene silencing (El MessaoudiAubert et al, 2010). Smed-DAZL encodes a homologue of the DAZ RNA binding family of proteins, which are essential for germ line development in several species and function in translation regulation (Xu et al, 2001; Collier et al, 2005) . DAZL is also expressed in undifferentiated human ESC lines (Clark et al, 2004; Moore et al, 2004) . Smed-TDRD9 is a homologue of mouse TDRD9 and Drosophila Spindle-E, a known germ granule component that contains a Tudor and a DEAD box helicase domain and cooperates with the piwiassociated RNA (piRNA) pathway (Aravin et al, 2009; Shoji et al, 2009 ) in silencing of transposable elements (reviewed in Siomi et al, 2011) .
We validated neoblast-enriched expression by ISH for four RBPs. As seen for the CB markers Spoltud-1 (Solana et al, 2009) and DjCBC1 (Yoshida-Kashikawa et al, 2007), the RBPs tested showed irradiation-sensitive neoblast-enriched expression as well as irradiation-insensitive brain-specific expression ( Figure 7C ). Brain-specific expression is likely due to the presence of neuronal granules in the planarian brain (Oosaki and Ishii, 1965) , which are similar in composition to CBs (reviewed in Anderson and Kedersha, 2009) .
Neoblast CBs, like their germ cell or neuron counterparts, are known to interact with nuclear pores and mitochondria, as well as other RNP complexes involved in mRNA transport, decay, and translation. Consistent with the high expression of RBPs in neoblasts, we also found nuclear pore and mitochondrial transport components and many RBPs involved in RNA splicing, post-transcriptional or translational regulation, nucleocytoplasmic transport and mitochondrial export to be highly upregulated in neoblasts. In summary, our genomewide profiling data concur and broaden previous findings demonstrating the enrichment of post-transcriptional regulators in neoblasts and their contribution to the maintenance of stem cell identity (Rouhana et al, 2010) . Conserved determinants of planarian pluripotency P Ö nal et al
Clustering of transcript expression profiles identifies a large number of putative neoblast-enriched genes and differentiation markers
To identify groups of genes specifically expressed in neoblasts and differentiated cells, respectively, we performed hierarchical clustering of all genes based on the correlation of their transcript expression profiles (Supplementary data). We identified six distinct clusters (clusters 1-6), each containing 41000 genes (Figure 8A and B; Supplementary Figure S6 ; Supplementary Table S4) . Two clusters comprise genes that are upregulated strongly (cluster 1; Figure 8A ) or more mildly (cluster 2) in neoblast-enriched fractions. Two other clusters contain genes that are most highly expressed in differentiated cells (clusters 5 and 6; Figure 8B ) and the remaining clusters (clusters 3 and 4) have similar expression levels in X1 and Xins. To infer biological function of the clusters, we performed gene ontology (GO) analysis for the human homologues of each cluster (Supplementary data). Overrepresented GO terms (multiple testing corrected Po0.05; Supplementary Table S5) revealed a major activity of cluster 1 in (1) DNA replication and cell-cycle regulation, (2) transcriptional regulation and chromatin organization, and (3) RNP-mediated post-transcriptional regulation. These functional categories are consistent with the morphological features that have classically defined embryonic-type stem cells in general (high mitotic activity and a dynamic chromatin state) and neoblasts in particular (presence of CBs reminiscent of germ cells). In conjunction with the observed expression profile, the functional classification suggests a pronounced overrepresentation of neoblast-specific genes in cluster 1. Consistently, all known neoblast markers but none of the tissue-specific markers fall into this cluster (Po2.2 Á10 À 16 and Po2 Á10 À 2 , respectively). To obtain a more stringent set of genes with enhanced transcript expres- Xins for homologues of (C) mouse genes required for maintenance and repression of pluripotency, (D) human regulators of OCT4 and NANOG expression in ESCs and (E) Oct4, Nanog, and Sox2 targets in mouse ESCs. In (E), data are shown for all targets (Bound), and for the subset of targets upregulated in pluripotent versus differentiated cells (Expressed). In (C-E), error bars represent the standard error of the mean. Enrichment of upregulated or downregulated genes (P) was assessed by Fisher's exact test. The number of mammalian genes with planarian homologues is shown in parentheses. *Po0.05 (Fisher's exact test). sion in neoblasts, we selected genes from cluster 1 with at least two-fold upregulation in X1 versus Xins and enhanced expression in X1 versus X2 after discarding genes with low confidence fold change quantification (confidence levelr0.8, see Supplementary data). This final set of 4032 genes contained 28 out of 32 (88%) of the known neoblast markers and thus represents a bona fide set of candidate genes for studying neoblast biology (Supplementary Table S6 ). In contrast, cluster 5 and cluster 6, which comprise transcripts that are upregulated in Xins, contain a significantly enhanced number of genes involved in cell-cell signalling, neuronal differentiation, and morphogenesis of neuronal tissue (Supplementary  Table S5 ), reflecting the presence of a population of differentiated cells in the Xins population. Indeed, seven out of nine tissue-specific markers fall into these clusters. Hence, the two clusters comprise 7800 candidate genes that in the future could be screened for repressors of pluripotency and differentiation markers.
Finally, the only cluster with an expression peak in X2, cluster 3, comprises 9 out of 10 previously known early and late cell division progeny markers that were shown to exhibit enriched expression in X2 (Eisenhoffer et al, 2008) . A single progeny marker was most highly expressed in Xins and fell into cluster 5. Therefore, our expression analysis of FACSsorted cell fractions discriminates efficiently genes expressed in neoblasts from those expressed in their progeny and cluster 3 could be mined for more progeny markers.
Comparison of neoblast and ESC transcriptomes reveals deep conservation of pluripotency-associated gene expression
Having identified a global set of genes with neoblast-enriched transcript expression, we next compared their homologues with known pluripotency-associated genes in mouse ESCs. We extracted genes from the literature (Tang et al, 2010) that were shown to be at least four-fold upregulated on the transcript level in ESCs and the inner cell mass (ICM) in comparison with cells that were obtained from differentiated ICM outgrowths (Supplementary Table S7A ). The distinction between ESCs and ICM is critical, since ESCs, which are isolated from the ICM, are highly proliferative and are grown in culture, while the ICM has only limited self-renewal capacity (reviewed in Niwa, 2007) . Genes upregulated in ICM and ESCs versus differentiated ICM outgrowths are thus expected to be preferentially involved in maintaining pluripotency instead of exclusively regulating self-renewal. We also identified the homologues of genes expressed upon differentiation ( Supplementary Table S7B) , that is, genes associated with repression of pluripotency in mouse ESCs (Tang et al, 2010) . Strikingly, in comparison with all planarian genes, homologues of mouse genes associated with the maintenance of pluripotency are on average about two-fold upregulated (PB0), whereas homologues of pluripotency repressors exhibit on average almost two-fold downregulation in X1 versus Xins (Po4.4 Á 10 À 18 ; Figure 8C ). This observation provides further evidence for deep conservation of gene expression between mammalian ESCs and neoblasts.
Homologues of genes affecting OCT4 and NANOG expression in human ESCs are overexpressed in neoblasts
We performed a similar analysis for homologues of genes that were identified by RNAi-based assays as positive direct or indirect regulators of OCT4 and NANOG expression in human ESCs (Supplementary Table S7C and D; Chia et al, 2010) . The POU domain transcription factor OCT4 is crucial for the induction of pluripotency in mammalian ESCs and promoters of OCT4-regulated genes are frequently co-occupied by the homeodomain transcription factor NANOG, a key factor for maintaining pluripotency (reviewed in Niwa, 2007) . Genes required for expression of OCT4 and NANOG with identified homologues in planaria include components of the basal transcriptional machinery (e.g., TAF7, EIF2S2, EIF2B4, and EDF1), several nucleoporins (e.g., TPR and NUP107), posttranscriptional regulators (e.g., PCF11 and NCBP1) and among those, in particular, splicing factors (SF3A1 and SF3A3). Note that planarian homologues of NANOG and OCT4 regulators strongly overlap (due to the way these genes were identified by Chia et al): all 17 homologues of NANOG regulators are contained within the set of 23 homologues of OCT4 regulators. In comparison with all planarian genes, the average upregulation in X1 versus Xins was three-fold for homologues of OCT4 regulators (22 of 23 genes upregulated; Po9.5 Á10 À 5
) and four-fold for homologues of genes that co-regulate NANOG expression (16 of 17 genes upregulated; Po10 À 5 ; Figure 8D ). Hence, expression of genes that positively regulate OCT4 and NANOG expression in human ESCs is enhanced in neoblasts.
Homologues of direct targets of Oct4 and Nanog are overexpressed in neoblasts
Finally, we analysed transcript expression for planarian homologues of genes that are targeted by Oct4, Nanog, and Sox2 in mouse ESCs (Chen et al, 2008) . Chen et al defined an association score between transcription factor binding sites inferred by chromatin immunoprecipitation followed by sequencing (ChIP-seq), and putative neighbouring target genes. For each transcription factor, we extracted the top 10% of all genes ranked by their association score and identified their planarian homologues (Supplementary Table  S7E -G). Although the three factors are known to co-target many genes (Boyer et al, 2005) , a substantial fraction of targets (B70%) is specifically targeted by only one factor (Supplementary Figure S9A) . Strikingly, out of 252 homologues of Oct4 targets (224 and 240 homologues of Nanog and Sox2 targets, respectively), a major subset of 202 genes (80%, Po3.1 Á10 À 8 ) had increased expression in X1 compared with Xins (177 (79%, Po3 Á10 À 4
) and 176 (73%, Po10 À 3 ) genes for Nanog and Sox2, respectively). We then retrieved more confident predictions for activated targets of each factor by only considering genes found to be upregulated in ICM and ESCs by Tang et al (2010) (Supplementary Figure S9B) . In case of Oct4 and Nanog, upregulation in X1 was much more pronounced for homologues of these activated targets ( Figure 8E ). In case of Sox2, upregulation was also enhanced but the effect was relatively weak. In mammals, Oct4, Nanog, and Sox2 co-regulate a substantial number of targets (Boyer et al, 2005; Loh et al, 2006; Chen et al, 2008 ). Hence, we tested if homologues of genes co-targeted by different factors were even more upregulated in neoblasts. While this was observed for shared targets of Oct4 and Nanog, co-targets of Oct4 and Sox2 did not display increased upregulation (Supplementary Figure S9C) . In summary, our transcriptome analysis suggests deep conservation of both upstream and downstream components of the networks controlled by key pluripotency factors SOX2, OCT4, and NANOG. This finding is perhaps surprising, since homologues of these factors have not been described in planaria and NANOG is most likely not conserved beyond vertebrate organisms (Theunissen et al, 2011) . Consistently, we could not identify a planarian homologue of NANOG in our transcriptome assembly (Supplementary data). However, we were able to identify candidate genes with putative homology to SOX2 and OCT4, respectively (see Supplementary data and Discussion).
Discussion
In this study, we used a FACS-based approach combined with quantitative RNA sequencing and shotgun proteomics to for the first time directly profile and quantify gene expression in planarian neoblasts. Using these data, we identified and validated a large number of genes with enhanced neoblast expression. By screening their homology annotations, we observed various functional categories reminiscent of stem and germ cell biology. Most prominent was a strong enrichment of epigenetic regulators.
Epigenetic regulators in neoblasts
Among the multitude of stem cells investigated in different systems, the hyperdynamic chromatin state currently emerges as one of the few unifying molecular features (reviewed in Misteli, 2006 and Gaspar-Maia et al, 2011) . Consistently, the disruption of chromatin remodelling functions often leads to the inability of ESCs to differentiate appropriately and eventually results in embryonic lethal phenotypes (reviewed in Crabtree, 2010 and Young, 2011) . The expression of a few planarian chromatin remodelling or epigenetic factors was previously shown to be enhanced in neoblasts (Reddien et al, 2005a; Bonuccelli et al, 2010; Scimone et al, 2010) . We confirmed these data but identified many more (B100) epigenetic regulators enriched in neoblasts (Supplementary  Table S2 ).
Specifically, we found that neoblasts overexpress epigenetic complexes known to be required for maintaining pluripotency in ESCs (esBAF, MLL1, PRC2 and PAF1 complex) and we were able to demonstrate functional requirement during regeneration and tissue turnover for homologues of the esBAF and PAF1 complex components. Importantly, we could show that neoblast maintenance and proliferation is unaffected in BRG1L(RNAi) and SMARCC2(RNAi) animals and only moderately affected in CTR9(RNAi) animals. Hence, these complexes appear to be implicated in the control of differentiation. We made a similar observation for Smed-SETD8. However, while this study was under review, it was shown that in growing neoblast colonies after survival from sublethal irradiation, SETD8 is required for persistence of cell division (Wagner et al, 2012) . Thus, under the extreme condition of neoblast loss, Smed-SETD8 might function in modified ways. Notably, Wagner and colleagues observed a regeneration phenotype of PRC2 complex components, consistent with our finding that this complex is enriched in neoblasts. They also validated enhanced expression in neoblasts for 28 genes, comprising homologues of chromatin modifiers and RBPs, but also other classes.
Remarkably, in our data all of these genes were highly upregulated in X1 (Supplementary Figure S10) .
Post-transcriptional gene regulation in neoblasts
Another class of genes with increased expression in neoblasts was functionally associated with post-transcriptional regulation in germ granules. Our observations add to accumulating evidence for conservation of post-transcriptional regulation by RBPs between CBs in planaria and germ granules in other metazoan model organisms Shibata et al, 2010) . Thus, planarian neoblasts may provide interesting insights into a possible common evolutionary origin of germ cells and pluripotent stem cells.
We were impressed by the striking conservation of stemcell expression of RBPs and epigenetic regulators, indicating that these modes of gene regulatory control of pluripotency are extremely old and perhaps even better conserved than transcriptional regulatory relationships. However, the targets of RBPs and epigenetic regulators of course may have extensively changed during evolution. We further note that microRNAs which are specifically expressed in neoblasts (Friedländer et al, 2009) do not appear to be specifically conserved and expressed in mammalian embryonic stem cells.
Conservation of pluripotency regulatory networks and identification of candidates for planarian OCT4 and SOX2
We also analysed the evolutionary conservation and neoblast expression of mammalian genes associated with maintenance and repression of pluripotency. While homologues of mammalian genes associated with maintenance of pluripotency were upregulated, homologues of pluripotency repressors were downregulated in neoblasts. Consistently, we observed conserved transcript expression for homologues of genes that regulate expression of OCT4 and NANOG in human ESCs and for homologues of Oct4, Sox2, and Nanog targets in mouse. Expression of Oct4 is essential for inducing pluripotency (Takahashi and Yamanaka, 2006) , while Nanog is dispensable for induction but required for maintenance of pluripotency (Chambers et al, 2003; Mitsui et al, 2003) .
We applied state-of-the-art methods to screen our transcriptome assembly for planarian homologues of OCT4, NANOG, and SOX2 (Supplementary Table S8 ). While we were unable to identify a NANOG homologue, our search for OCT4 homologues revealed several POU domain-containing genes (Supplementary data; Supplementary Figure S7) . One of those, Smed-POU-P1, showed an expression profile similar to known neoblast markers ( Figure 9A ). It contains a conserved POU specific domain (POUs) and a conserved POU homeodomain (POUh). Although the linker region that connects the two subdomains is unusually long, it is also partially conserved ( Figure 9B ).
We identified several planarian genes with homology to SRY-related HMG-box domains ( Figure 9C ; Supplementary data; Supplementary Figure S8) . Three of these genes (SmedsoxP-1, -2, and -3) have recently been described (Wagner et al, 2012) . SOX2 belongs to the class B family of SOX proteins and two of our candidates, Smed-SOXB-1 and Smed-SOXB-2, yielded reciprocal best BLAST matches to mammalian members of this class. Smed-SOXB-1 displayed an expression profile similar to known neoblast markers, which we validated by ISH ( Figure 2D ).
These putative POU-and SOXB-like transcription factors require further functional characterization to assess their role in neoblast biology and planarian regeneration. The apparent lack of a Nanog homologue contrasts with extensive conservation of gene expression observed for its targets and indicates that in planaria, and likely also ancestrally, its role might be played by a different transcription factor. It should be noted that even highly conserved regulatory networks can sometimes differ in key upstream transcription factors. For example, a key transcription factor that drives early embryonic development in Drosophila is Bicoid, while this factor is substituted by Orthodenticle and Hunchback in the beetle Tribolium (Schröder, 2003 ; see Supplementary data for another example). Gene networks of pluripotency control could have undergone similar changes during evolution, which, for instance, could have led to the inclusion of Nanog or other pluripotency regulators in the vertebrate lineage without changing the expression of downstream genes. Alternatively, it is possible that upregulation of Nanog target homologues is due to co-targeting by Oct4 and Sox2. However, after removing shared targets from the set of analysed genes, a significant upregulation was still observed (Supplementary Figure S9C) , suggesting that homologues of Nanog targets may represent a set of pluripotencyassociated genes in planaria.
Deep conservation of stem cell expression of pluripotency-associated genes In summary, the data presented here provide evidence for global conservation of expression of pluripotency-associated genes. The underlying gene regulatory network, while presumably having been rewired during evolution, still shows remarkable conservation as a whole. In the future, it will be important to perform experiments which can further elucidate regulatory interactions. Unfortunately, the use of planaria as a model organism for stem cell biology is currently still affected by certain experimental limitations: it is still unknown whether neoblasts represent a heterogeneous mixture of cells and which cells within this population are pluripotent. Moreover, it is currently impossible to culture these cells and perform controlled perturbation experiments. Finally, trans-genetics have not yet been established in planaria. It is conceivable that some of these limitations will be overcome in the future. The use of biochemical methods such as iPAR-CLIP (Jungkamp et al, 2011) could help to identify, in vivo, direct targets of conserved post-transcriptional regulators of pluripotency to study conservation and evolution of these 'wirings'. Similarly, if future work confirms essential function of the putative Oct4 and Sox2 homologues identified in our study, it will be very interesting to identify their targets via ChIP-seq. These experiments will potentially reveal to what extent regulatory interactions are conserved and identify core interactions under strong evolutionary constraint as well as evolutionary innovations. It will be helpful to extend these analyses to other species to be able to ultimately identify key regulatory circuits that control various aspects of pluripotency throughout animal life. In this regard, an evolutionary perspective on pluripotency control, such as outlined here, will help to dissect and better understand gene regulatory networks in mammalian ESCs.
Materials and methods
Planarian culture
Planaria from clonal asexual strain of CIW4 were maintained at 201C in autoclaved planarian water (Cebrià and Newmark, 2005) and were starved for 1 week before experiments. For irradiation, 60 Gy of gamma rays were used. Cell sorting and flow-cytometric analyses Sample preparation for FACS was adapted from Hayashi et al (2006) with modifications (Supplementary data). Cells were sorted using FACS Vantage SE equipped with UV laser (Becton Dickinson) directly into TRIzol LS (Invitrogen) for RNA and/or protein isolation. Flowcytometric analyses were performed with BD LSRII (BD Biosciences).
Quantitative RT-PCR Total RNA was isolated using TRIzol LS or TRIzol reagent according to the manufacturer's protocol. cDNA was synthesized from total RNA of sorted cells and WT and irradiated intact worms. ura4 (CUFF.232566.1) served as an internal control (normalization) (Reddien et al, 2005b; Friedländer et al, 2009) . PCRs were performed using the SYBR-Green RT-PCR kit (Applied Biosystems).
mRNA sequencing
In all cases, 0.5 mg of total RNA was purified, polyA selection was performed, mRNA was fragmented and adapter ligation and amplification was performed according to the manufacturer's protocol for Solexa/Illumina sequencing. mRNA sequencing was performed on the Genome Analyzer (GA II) following the manufacturer's instructions using the Paired-End Sample Preparation Kit (Illumina).
Shotgun proteomics
The details of the extraction and LC-MS/MS protocol can be found in Supplementary data.
Whole-mount ISH, immunostaining
ISH was carried out as described previously (Umesono et al, 1997) with modifications (Felix and Aboobaker, 2010) . The detailed protocol for ISH and immunostaining can be found in Supplementary data.
RNAi
dsRNA was in vitro transcribed with Ambion Maxiscript by using PCR-amplified templates with flanking T7 promoters. Planaria were injected with 3 Â 30 nl of 1 mg/ml dsRNA for 3 consecutive days and either cut 12 days after first injection for regeneration or left uncut for homeostasis assays. Water or GFP dsRNA was used as negative control. See Supplementary data.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
